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ABSTRACT
This work shows the optimization of natural 
ventilation within buildings at the stage of design and 
behaviour of the occupants. An evaluation is done by 
coupled multizone air modelling and thermal 
building simulation by using a deterministic set of 
input factors comprising among others climate, local 
environment, building characteristics, building 
systems, behaviour of occupants, heat loads. Selected 
deterministic input factors were varied to generate 
additional information applied in an optimization 
loop. 
With that, it is found that the optimal solution 
depends to a great deal on the possibility of 
combined optimization of the behaviour of occupants 
with a lesser extent of the design building. 
INTRODUCTION
The energy situation in the world is becoming 
alarming. The demand for electric power continues to 
grow whereas the means of production remain 
limited. A great number of countries that need high 
sources of power are in the inter-tropical zone and 
are thus subjected to high temperatures and humidity 
all year long. These climates and the increase in the 
purchasing power of the populations lead to greater 
use of air-conditioning (Bastide et al, 2006).
Air-conditioning is often seen as the only mean to 
reach thermal comfort during the hot season and 
unfortunately is very energy consumer. 
Furthermore, the electric power produced from fossil 
energies will disappear in the coming decades. 
Before the disappearance of these resources, 
galloping inflation, due mainly to the scarcity of 
these fuels, will make their purchase at reasonable 
prices impossible. It will then become too expensive 
to operate these air-conditioning systems (Ibidem).
Afterwards, a way to cool down buildings without 
using great amounts of energy must be found, 
otherwise, comfort and health hassles could get 
started. 
For the right environmental conditions, naturally 
ventilated buildings can be one of the ways to obtain 
thermal comfort while maintaining low energy 
consumption of the building (Assiakopoulos et al, 
2002). 
In order to do that, it is necessary to know the 
behaviour of the ventilation according to its 
characteristics.  
By knowing this behaviour, it is possible to optimize 
natural ventilation by changing its characteristics, 
shown like deterministic inputs in this case. 
The aim of this work is to show different results of 
the indoor air temperature in a building by changing 
different parameters, trying to find which of these 
parameters are the most important to optimize natural 
ventilation.
This quest is going to be done by the coupled 
thermal-airflow building simulation program Energy 
Plus.
Energy Plus is a coupling of the zone heat balance 
with the zone airflow balance. The way of coupling 
of Energy Plus is a coupled iterative approach (onion 
coupling). 
SIMULATION
To simulate, a set of inputs is set. The set is divided 
by three main groups, these groups are: behaviour of 
the occupants, building design and outdoor 
conditions. Each one of them has the following data:
Behaviour of the occupants
Number of occupants
Schedule of occupants
Use of electric devices 
Internal heat sources
Window openings
Temperature set point
Solar shading operation
Building design
Materials of construction
Building shape
Building orientation
Openings sizes
Openings orientations
Openings shapes
Surroundings
o Adjacent constructions
o Adjacent trees 
o Adjacent heat/cold sources
o Adjacent moisture sources
HVAC systems
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o Air-conditioning
o Heating systems
o Heat exchangers
o Fans
o Radiant floor
o Green roofs
o Heat pumps
Outdoor conditions
Outdoor temperature
Relative humidity
Wind speed
Wind direction
Theoretical reference
The coupling in Energy Plus starts with a heat 
balance on the zone air:
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An analytical solution algorithm provides a possible 
way to obtain solutions without truncation errors and 
independent of time step length. In addition, the 
algorithm only requires the indoor air temperature for 
one previous time step, instead of three previous time 
steps as required by the 3rd order backward 
difference. The analytical solution for equation (1) 
may be expressed as follows:
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Equation (2) shows the solution of the heat balance in 
the zone air for the indoor air temperature. Therefore, 
the flow rate due to infiltration, infm , and natural 
ventilation, sysm , (if the zone is totally naturally 
ventilated), could be found by the  Effective Leakage 
Area model which is based on Sherman and 
Grimsrud (1980). The model formulation used in 
Energy Plus is from the ASHRAE Handbook of 
Fundamentals (2001 and 2005). The model is: 
2
inf 1000 windwzs
L
Schedule sCTTC
AFV    (3)                    
The ventilation airflow rate is a function of the wind 
speed and the thermal stack effect (actually, is a 
function of mechanical driving forces as well, but in 
this case a complete naturally ventilated building is 
considered). 
In Energy Plus, the natural ventilation flow rate can 
be controlled by a multiplier fraction schedule 
applied to the user-defined opening area and through 
the specification of minimum, maximum and delta 
temperatures. The equation used to calculate the 
ventilation rate driven by wind is the following
windscheduleopeningwwind sFAOV                     (4)
The opening effectiveness is calculated for each time 
step based on the angle between the actual wind 
direction and the effective angle of the wind entrance 
using the following equation:
25.0
180
55.0 windeffectivewO                (5)
The difference between the effective angle and the 
wind direction should be between 0 and 180 degrees. 
This equation is a linear interpolation using the 
values recommended by the 2009 ASHRAE 
Handbook of Fundamentals: 0.5 to 0.6 for 
perpendicular winds and 0.25 to 0.35 for diagonals 
winds. 
The equation used for calculating the ventilation rate 
due to stack effect is given by equation (6) 
zone
z
NPLScheduleopeningDstack T
TT
HgFACV 2        (6)
The discharge coefficient for opening is given by the 
following equation:
TTC zD 0045.040.0                  (7)
The total ventilation rate calculated by this model is 
the quadratic sum of the wind and stack air flow 
components:
22
windsatckstackwind VVV           (8)
So, infm and sysm , could be calculated by the 
followings equations
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cVm infinf                   (9)
cstackwindsys Vm         (10)
Furthermore, the temperature of comfort is given by 
Auliciems (1981) as follows
5.231.06.17 mbe TT     (11)
The optimization of one specific case in a warm 
region is presented in this work. The building is a 
construction of 10.8 m of length, 10.8 m of width and 
3 m of height. It has two zones of the same size, each 
one has two windows. 
The schedule of working of the building is a typically 
office schedule in Mexico: from 7:00 until 19:00 hrs.
The building is located in Mexico City; the material 
of construction is concrete.
The day of analysis is March the 1st. According to a 
previous study, the month of March represents the 
best sample of weather data in Mexico, where the 
outdoor conditions are very similar all year long. 
The characteristics of the building are the following:
Table 1 
Characteristics of the building
BEHAVIOUR OF THE OCCUPANTS
Number of occupants 20 people, 5 at zone one and 15 
at zone two
Schedule of occupants Office schedule (7 am to 7 pm)
Use of electric devices 4000 W in total, 1000 zone one 
and 3000 zone two
Gas equipment 1000 W
Window opening According to the schedule and 
the temperature setpoint
BUILDING DESIGN
Building design Construction of one floor, with 
two zones
Building dimension Length 10.8 m, width 10.8 m, 
height 3 m 
Materials of 
construction
Brick in the walls, concrete in 
the roof and floor
Opening size 6 m2 each window
Openings shape 4 m length, 1.5 m height each 
one
Openings orientation South and west (zone one); north 
and east (zone two)
Interzone path material Oak
Interzone path size Door of 3.08 m2
Surroundings No
HVAC systems No
OUTDOOR CONDITIONS
Outdoor temperature According to the historical 
weather conditions
Wind speed 0.5, 2.0, 3.5, 5.0 m/s
Wind direction 45º (North=0º, south=180º)
The window opening activity is according to the 
schedule and the temperature setpoint, which means 
that the openings are open or closed depending on the 
schedule of the building and/or the comfort 
temperature setpoint that is given by Tbe from 
equation (11).
The gas equipment is a boiler that heat up water used 
in the restrooms area.
The geometry and shape of the building is shown in 
Figure 1:
Figure 1 Building geometry
Several simulations were done for getting the lowest 
indoor air temperature, especially from 10 am to 8 
pm. Finally, it was found that air velocity, openings 
activity and shape of the openings were the most 
important variables to change.  
DISCUSSION AND RESULTS 
ANALYSIS
A comparison between outdoor air temperature and 
indoor air temperature in building at different 
outdoor air velocities is shown in Figure 2.
Figure 2 Indoor air temperature with different 
outdoor air velocities
It can see that from 22:00 to 4:00 hrs of the next day 
is when there is the highest difference between the 
different indoor air temperatures. And during the 
office schedule, the difference between these 
temperatures is minimal. From 10:00 to 19:00 all 
indoor air temperatures are below of the outdoor air 
temperature. 
Figure 3 shows the indoor air temperature by setting 
three different sizes of the openings (4 m x 1.5 m, 2 
m x 1.5 m, 2 m x 2 m). The air velocity is 2 m/s in all 
cases and the wind direction is 45º.
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Figure 3 Indoor air temperature
If the openings are closed in their totality, there is an 
almost-constant temperature all day long. The sizes 
of the windows are 4 m x 1.5 m and the air velocity 
is 2 m/s. The results are shown in the figure 4 as 
follows. 
Figure 4 Indoor air temperature with closed windows 
and half-open windows
According to the three graphs above, only when the 
percentage of openings is changed there is an 
important difference between the indoor air 
temperatures. 
The best air velocity to cold down the building 
during high outdoor temperature is 0.5 m/s (figure 1). 
The size of windows to keep cool the building is 2 m 
x 1.5 m (figure 2).
According to figure 3, a 50% of windows open helps 
to reduce the indoor air temperature.
Thus, and taking into account others characteristics 
of the building design and the behaviour of the users, 
it was found that the windows opening activity 
represents the most important factor to the indoor air 
temperature, which is up to a point logical.
Therefore, in the case when the windows are kept 
closed, and the power of the gas equipment to heat 
water is increased, indoor air temperature increases 
less than one Celsius degree for each 1000 W more 
of power. The results can be watched in the 
following figure.
Figure 5 Indoor air temperature with closed windows 
and different power of gas equipment 
In the results shown above, it seem that even when 
there is a high outdoor air velocity, when the size of 
the openings is different, or when the power of the 
gas equipment is increased, the temperature does not 
vary more than a few Celsius degrees. In Energy 
Plus, the schedule factor, FSchedule, presented in 
equations (3), (4) and (6) is a dimensionless value 
between 0 and 1 that is controlled by among others 
the temperature setpoint given by the user. In the 
case, FSchedule has a value of 0.25. That means that the 
windows are opened a quarter of their area and 
depending of the schedule of the user, an office 
schedule (from 7 am to 7 pm) is in this simulation. 
Also, in this case, the temperature setpoint has a 
value between the lowest and the highest outdoor 
temperature. In the case when the indoor air 
temperature was higher than the outdoor temperature 
the windows will open more. 
Thus, to optimise the natural ventilation during warm 
seasons is necessary to minimize equation (2) in 
order to get the lowest tzT and to get the comfort 
temperature given by equation (11). For doing that, 
and like was analysed in the results from the 
simulations, the most important term is FSchedule, 
presented in equations (3), (4) and (6) that give the 
volume flow rate due to infiltration, driving wind and 
stack effect, respectively. 
CONCLUSION
Energy Plus is a program that uses an approach in 
which the thermal and airflow model iterate within 
one time step until satisfactory small error estimates 
are achieved. 
Energy Plus, in order to control the openings, uses a 
multiplier fraction schedule applied to the user-
defined opening area and through the specification of 
minimum, maximum and delta temperatures. 
Even when there are several characteristics of the 
design building and the behaviour of the occupants 
Proceedings of Building Simulation 2011: 
12th Conference of International Building Performance Simulation Association, Sydney, 14-16 November. 
- 2669 -
that could be changed to get the optimal efficiency of 
natural ventilation, the variable which has the biggest 
influence is the opening of windows by the users of 
the building. 
Nevertheless, it was found that in many cases 
keeping the windows opened is not an assurance for 
getting thermal comfort in the buildings. It is 
necessary to analyse each building with its own 
characteristics of design, behaviour of the users and 
outdoor conditions, as well as its own needs of 
comfort. 
However, it should be noted that these simulations 
did not include characteristics from the set of inputs 
which could be important in the work, but they will 
take into account for future studies. 
Furthermore, is very important to say that this work 
was done by using deterministic inputs, but for 
getting more realistic results, stochastic modelling is 
necessary. Thus, the next purpose of the work is to
keep simulating with an optimization of naturally 
ventilated building by using random data. 
NOMENCLATURE
effective Effective angle of the wind entrance [º]
wind Wind direction [º]
c Density of the air at sea level and 
20ºC 32.1 mkg
NPLH Height from midpoint of lower opening to 
the Neutral Pressure Level m
openingA Opening area 
2m
iA Area of the zone surface i 
2m
LA Effective air leakage area in cm2 that 
corresponds to a 4 Pa pressure differential
DC Discharge coefficient for opening 
[dimensionless]
pC Specific heat of the air kgKJ
sC Coefficient for stack-induced infiltration 
KcmsL 42
wC Coefficient for wind-induced infiltration 
242 smcmsL
zC Air capacitance KJ
scheduleF Value from a user-defined schedule 
1..0
ih Heat transfer coefficient KmW
2
infm Mass air flow due to infiltration skg
im Mass air flow due to interzone air 
mixing skg
sysm Mass air flow of the systems skg
wO Opening effectiveness [dimensionless]
iQ Convective internal loads sJ
sysQ Energy of the air systems W
winds Local wind speed sm
t Time s
beT New base reference temperature K
mT Mean annual temperature K
zT Indoor air temperature K
t
zT Indoor air temperature at the time step t K
tt
zT Indoor air temperature at the previous time 
step t K
ziT Temperature in zone i K
siT Temperature in surface i K
T Outdoor air temperature K
supT Temperature of the supply air K
stackV Volume flow rate due stack effect sm
3
windV Volume flow rate driven by wind sm
3
windstackV Volume natural ventilation rate 
sm3
slN
i
iQ
1
Sum of the convective internal loads sJ
surfacesN
i
zsiii TTAh
1
Convective heat transfer from the 
zone surfaces sJ
zonesN
i
zzipi TTCm
1
Heat transfer due to interzone air 
mixing sJ
zp TTCminf Heat transfer due to 
infiltration of outsider air sJ
sysQ Air Systems output sJ
dt
dTC zz =Energy stored in the zone air sJ
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